This paper investigates binary and ternary binders of ordinary Portland cement, metakaolin and limestone as a possible solution to reduce the amount of cement content in mortar mixes. Furthermore, the mortar mixtures were reinforced with steel fibres and their properties were investigated. The effectiveness of metakaolin and limestone on compressive and flexural strength of mortar samples as mechanical properties was analysed. Results indicated that partial substitution of metakaolin in mortar mixtures provides higher compressive strength values at early ages; combined mixtures of limestone and metakaolin enhanced compressive strength comparing with 100% ordinary Portland cement (OPC) as the binder. Flexural strength values improved by increasing the number of steel fibres in mixtures; variations in metakaolin and limestone on mixtures seemed not to affect on final flexural results significantly. Electrical resistivity results revealed substantial improvements on the likelihood corrosion and corrosion rate of mortar mixtures. The addition of steel fibres to the admixture significantly decreased the ER mainly due to the conductivity of the fibres.
Introduction
The diminishing of cement consumption on mortar and concrete mixes is getting significant attention in recent years; especially its replacement by the use of supplementary materials with pozzolanic properties to address the environmental concern [1] [2] [3] [4] [5] . They confirm the effectiveness of calcined clay, in the form of metakaolin (MK) as pozzolanic material on mortar and concrete mixes. Souza and Dal Molin [6] also pointed out that high reactivity of MK is influenced by three parameters that have to be taken into account within its production processes such as chemical composition of the clay, calcination and grinding process. However, the dihydroxylation of kaolin clay (mineral) obtained by a calcination process under temperatures between 600°C and 900°C creates the active form of the mineral needed to react in a proper way with the calcium hydroxide (CH) liberated by the hydration of cement. As a result, interest in the use of MK as a pozzolanic addition on the production of concrete mixes has increased [7] . Similarly, there are already reports on the combination of OPC, MK and other minerals such as limestone (LS) that provided positive results on mortars, mainly the benefit to diminish the cement content. For instance, Antonini et al. [8] demonstrated the strong synergy between MK and LS concerning reaction with CH.
The study on the influence of fineness of LS in reaction with MK by Vance et al. [9, 10] supports the theory of the compatibility of these materials, towards an adequate combination of cement substitution. Khatib and Hibbert [11] investigated mechanical properties on concrete mixes combining ground granulated blastfurnace slags (GGBS) and MK. Similarly, studies conducted by Vejmelkova et al.
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Email address: alinazari@swin.edu.au (A. Nazari) [12] show that same percentage of MK (10%) is required as the necessary amount to either improve some properties of MK concrete mixes or just to guarantee the quality level comparing with conventional OPC concrete. Likewise, Vu et al. [13] dedicated their work on to reveal the effect of variation in the OPC blended by the use of particular calcined kaolin clay regarding consistency and workability of the mixture. Qian and Li [14] indicate that the improvement occurs at the very early ages of concrete mixes (three days). Similarly, Vu et al. [13] concluded that for OPC and MK blends up to 10% cement weight replacements, the compressive strength of young mortars enhances. Antonini et al. [8] found that 30% MK content in combination with 15% LS produces better mechanical properties at seven days, even so at 28 days in reference with control mixtures containing only OPC as the binder. Nevertheless, the use of LS only as an addition to substitution on the cement content in mortar and concrete mixes does not have reasonable results to maintain the strength levels at later ages [15] . However, use of up to 15% LS in cement mixes have been claimed no to be significantly effective in reducing some critical properties [16] [17] [18] [19] [20] .
The benefits of producing binary OPC and MK binders has been contradicted by some researchers where they have found poorer effects on concrete and mortar samples with additions of pozzolanic materials. Subasi and Emiroglu [21] stated an inversely proportional decrease in compressive strength by increasing the amount of MK replacement particularly at seven and 28 days of curing. Similarly, Vejmelkova et al. [12] highlighted worse results by the age of 28 days in mortar and concrete mixes. Opposite conclusions were indicated by Rashiddadash et al. [22] on which final results demonstrated that when MK is partially substituted by OPC, positive effects starts at early ages; this strength gain on compressive results was also noticed at later ages. An investigation carried out by Jiang et al. [23] supports
the flexural strength loss for samples with MK additions at all of the considered curing ages from seven up to 90 days. To overcome this discrepancy, a comprehensive study to determine physical and mechanical properties of these combinations seems necessary.
In this paper, mechanical, microstructural and electrical properties of binary and ternary blended mixtures of OPC, MK and LS are studied. The compressive strength of samples at 7 and 28 days and flexural strength (for unreinforced and steel fibre-reinforced specimens) at 28 days of limewater curing is presented as the mechanical property of these materials. Scanning electron microscopy (SEM) and X-ray diffraction analyses are used to evaluate microstructure of different mortars. The electrical resistivity (ER) of unreinforced and steel fibre-reinforced specimens have been studied to discover the potential of corrosion resistivity of low cement mortar mixtures.
Experimental procedure

Materials
Cement
Locally general purpose (GP) Portland cement was used in the study. Properties of this material conform to the specifications required, that is AS 3972-2010 General purpose and blended cement. The average particle size distribution obtained for this material was 15.9 μm and its graphical distribution is presented in Fig. 1 . Cumulative values per diameter are provided in Table 1 .
Metakaolin
MK used was supplied by Filchem Australia Pty Ltd. Its physical characteristics consist of an uncompacted dry white powder, resultant of the flash calcination process of high-grade kaolin clay. The process of extraction refers to the dehydration of the clay by subjecting the material to temperatures between 600 and 900°C. Its chemical composition is formed by silica (SiO 2 ) with a content percentage between 52-54% and alumina (Al 2 O 3 ) around 44-46%. SEM micrograph in Fig. 2 shows the microstructure of the raw material. The particle in the powder are fine where the most particles have irregular shape. XRD analysis of Fig. 3 indicates the crystal diffraction of the material. There is not any apparent peak in XRD pattern of MK, which shows its amorphous nature and high pozzolanic reactivity capabilities. Moreover, particle size was measured through Cilas laser diffraction particle analyser, giving a grain size distribution shown in Fig. 1 . Its summarised distribution in percentage values is described in Table  1 . Due to the fineness and cohesiveness of the material, particle size distribution analysis was made in liquid mode. Different tested was made to get the consistency of the results.
Limestone
LS powder used refers to a product from the commercial brand Richgro, with a chemical composition of 80-100% carbonate (CaCO 3 ) content and 0%-15% silica content (SiO 2 ). The physical aspect of this material is an uncompacted granulated powder, brown 
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Construction and Building Materials xxx (2017) xxx-xxxcolour, and its SEM microstructural profile is shown in Fig. 4 . Same as MK, most of the LS particles have irregular shape, however, with larger sizes. Furthermore, XRD analysis of the Limestone used in this study is shown in Fig. 5 . The average particle size distribution obtained for this material was 275 μm and its graphical distribution is presented in Fig. 6 . Similarly, Table 1 summarises particle size distribution in percentage values.
Fine aggregate (Sand)
Natural sand available at Cement Laboratory of Centre for Sustainable Infrastructure of Swinburne University Laboratory from local sources was used for the preparation of all the samples tested in this paper. Particle size distribution of sands is given in Fig. 7. 
Steel fibre
Hook-end steel fibres with 60 mm length and aspect ratio of 65 produced by Dramix 65/60BG were used. Properties and geometry of the material is given in Table 2 .
Mixture proportions
Nine mortar mixes were prepared to investigate the feasibility of the partial substitution of OPC by a combination of MK and LS. The calculations of the mixtures were based on a 70-30 mix proportion, that is 70% aggregate and 30% paste, in which 45% of the total amount of the paste was water and 55% conformed by binary and ternary blends, including OPC, MK and LS. Details of the mortar mixtures are presented in Table 3 .
The ternary blended mortar mixes were made at a total level of OPC substitution of 15, 25, 30, 40 and 45% represented by mixtures M1, M2, M3, M4 and M5 respectively. Similarly, each mixture was combined by different MK: LS weight ratios. That is, mixes M1, M3 and M5 had a proportion of 2 (MK): 1 (LS); in M2 mix, the weight ratio was 4 (MK): 1 (LS) and in M4 mix, the ratio was 3 (MK): 1 (LS). For comparison, binary blended mixtures by substitution of MK only were made as M6, M7 and M8 mixes at replacement levels of 10, 20 and 30% respectively. Finally, a 100% OPC binder was defined as M9 to state the original parameters of OPC concrete. The water and fine aggregate amount were maintained constant for all designs.
For flexural strength test specimens, the proportions were the same regarding the percentage of distribution. Moreover, the inclusions of two different steel fibre weight percentages (1% and 2%) were considered for the preparation of those specimens. Details of the mixture proportions are shown in Table 3 .
Specimen preparation and tests
Compression test
Mix preparation was carried out by weighing each material (sand, cement, MK and LS) on the quantities previously calculated. Subsequently, the mixing process of the materials in dry condition was made through mortar mixing machine, followed by gradually adding water to get a homogeneous paste. Once the mixing process ended, that is by getting the proper consistency of the mixture; the fresh mortar was cast in 50 × 50 × 50 mm 3 moulds for the compressive strength test. The moulds then were vibrated on a vibrant table to guarantee a proper compaction and remove the air voids in the mix. The moulds were covered with plastic sheets for 24 h to avoid the evaporation of the water and excessive carbonation. After this period, the specimens were demoulded and immersed in limewater for the curing process until 7 and 28 days. The final compressive strength of each mixture was achieved by testing three samples and the average compressive strength of them was reported as the corresponding compressive strength of that mixture. Compressive strength measurements on mortar cubes at seven and 28 days curing were carried out using the automatic testing compressive Technotest® machine in accordance to the AS 1012.9:2014 with a displacement rate of 0.5 N/mm 2 /sec.
Flexural test
The mixing procedure performed to achieve the mixes shown in Table 3 for bending test, is the same as it was described for compressive test specimens. The different for this preparation was the addition of steel fibres. Once the water of the mixture is completely poured and the mixture takes a uniform consistency, a partial addition of steel fibres is added slowly to avoid the agglomeration of them and achieve its uniform distribution on the mixture. The same process was repeated for both percentages of steel fibres. Similarly, a control sample was also prepared, that is without steel fibres to compare final results. The fresh mixtures were cast into rectangular prism moulds of 75 × 75 × 280 mm in two layers. After pouring the first layer, the moulds were vibrated on a vibrant table to guarantee a proper compaction and remove the air voids in the mix. Subsequently, a second layer was cast to complete the entire section of the moulds and the final filled mould was vibrated again. Afterwards, the moulds were covered with plastic sheets for 24 h to avoid the evaporation of the water and carbonation. After this period, the specimens were demoulded and immersed in limewater for the curing process until 28 days. Same as compressive strength test samples, the final flexural strength of each mixture was acquired by testing three samples and reporting the average value. The three-point bending test was performed to obtain the flexural strength of the specimens. According to the Australian Standards specifications (AS1012. , the two supports were spaced at 225 mm (spam), and the top loading point was centred in the middle of the prism, which is at 140 mm from the side of the specimen. The test was performed on an MTS Criterion Model 43 machine at a constant displacement rate of 0.5 mm/min far all samples.
Phase analysis
X-ray measurements were carried out on hardened mortar samples at 7 and 28 days of curing. The analysis was done using D8 Advance Diffraction XRD machine. The machine is able to analyse fine powder samples in the range of 10 o -90 o . The preparation of the samples consisted of milling the samples and sieving them to get the retained particles on the 0.075 mm nominal particle sieve. Afterwards, the powder is directly scanned on the XRD machine.
Morphology analysis
SEM characterisation was conducted on Supra 40VP apparatus. The machine works in both secondary and backscattered electron modes. The samples were gold coated to be conductive for SEM characterisations. Secondary electron mode was used to evaluate fracture surface of the samples.
Electrical resistivity
ER was measured with the Resipod Resistivity Meter (Proceq), with a 40 Hz frequency and measuring range from 0 to 1000 kΩ cm. The equipment operates through the application of current from the outer two probes, and then the potential difference is measure with the other two inner probes. All prismatic mortar samples were tested for at least seven days of curing. The measurement process consisted of ten measures on each face of the specimen, which are top, bottom, side 1 and side 2. Three specimens per mixture were tested and the average value per side is reported, including its standard deviation.
Results and discussions
Compressive strength
The compressive strength results of mortar mixtures produced by different proportions of MK, LS and OPC at seven days of curing are shown in Fig. 8 . The highest strength results are related to M6 and M7, showing average compressive values of 25.4 and 24.4 MPa respectively. Those samples are referred to combinations between OPC and MK only, with proportions of 90 to 80% of OPC respectively and variations of MK replacements of 10 and 20% correspondingly. The rest of the samples have lower strength than M6 and M7 but higher than the control sample M9 (100% OPC). The comparison between M3 and M8 indicates that, despite owing the same amount of OPC (70%), a combination of 20% of MK and 10% LS increases the compressive strength compared with the replacement of 30% of MK only. Samples with the same percentage of MK (M2 and M3) seem to gain higher strength values with only 5% of LS (M2) instead of 10%. Although lower replacement levels of OPC results in higher compressive strength, the synergy among MK, LS and OPC suggests compressive strength gain at early ages.
Cubic samples with a curing period of 28 days were also tested to determine the effect of binary and ternary binder effects on compressive strength gain, and the results are shown in Fig. 8 . Results show that the majority of the samples have higher compressive strength at 28 days than plain OPC mixture. However, the worse scenario is represented by sample M4, which has a total replacement of OPC of 60%, substituted by 30% of MK and 10% of LS. This mixture is the only one with lower strength than the control sample M9. Final results of samples M2 to M7, except M4, reveal similar values of compressive strength; this indicates strength gain of different proportions M1SF0  85  10  5  0  280  33  17  0  270  1400  M2SF0  75  20  5  0  247  66  17  0  270  1400  M3SF0  70  20  10  0  230  66  33  0  270  1400  M4SF0  60  30  10  0  197  99  33  0  270  1400  M5SF0  55  30  15  0  181  99  50  0  270  1400  M6SF0  90  10  0  0  297  33  -0  270  1400  M7SF0  80  20  0  0  263  66  -0  270  1400  M8SF0  70  30  0  0  230  99  -0  270  1400  M9SF0  100  0  0  0  330  --0  270  1400  M1SF1  85  10  5  1  277  33  17  79  267 of MK, LS and OPC mixtures after 28 days of curing described the same trend. These positive results regarding compressive strength gain at seven and 28 days similarly were reported by Jiang et al. [23] , where their findings stated that the compressive strength of MK blended mortars exceeds that of mortars without MK at 28 days due to the pozzolanic reactivity of the material.
Flexural strength
Results of this paper in Fig. 9 show that the higher amount of steel fibres in the mixture, the higher flexural strength. That is, the biggest flexural loads are reported by samples with 2% of steel fibres added. It is noticeable that mixtures without steel fibres demonstrate the lowest flexural strength. A graphical representation of load-displacement curves combining 0%, 1% and 2% of steel fibres of each mixture is shown in Fig. 10 . Loads of samples with 2% steel have a con 
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For samples prepared without steel fibres, flexural strength gain has the same pattern as reinforced samples. The biggest load resisted by all samples has not much variation between them, even compared to the control sample M9. In contrast with Subasi and Emiroglu [21] , it is impossible to state that flexural strength of unreinforced samples decreases due to the addition of pozzolanic reactive materials such as MK.
The total area under load-deflection curve in flexural strength tests represents the load capacity of samples; this also could be interpreted as the amount of energy absorbed during load application. Once fracture of the specimen occurs, additional load is supported before the complete separation of the specimen. On the case of steel fibre reinforced mortar; this additional load is absorbed by the bonding between fibres and the mortar paste. As is expected, the amount of energy consumed for samples with 2% steel fibres is higher compared with 1% steel fibres mixture, showing in some cases, such as M1 and M5, a difference by more than the double of their value (Fig. 11) . Most of the results for samples containing 2% steel fibre samples are higher than control samples M9, which can lead to identifying improvements on the combination of samples with pozzolanic materials concerning load capacity. On the other hand, in samples containing 1% steel fibres, variations in the proportions of MK and LS do not affect much the flexural toughness of the samples, as it was previously seen on 2% steel fibres samples. This result may indicate that the load capacity mainly depends on the percentage of steel fibre. This is due to the nature of flexural test where the applied load cause initia tion of cracks in weak points of materials under flexure. There is always a weak point that initiates crack and only fibres can enhance the flexural strength of that region by mechanisms such as crack bridging or pull-out. It is worthy mention that during the test execution, pull-out sounds of steel fibres were heard only on specimens with 2% steel fibres on their mixture.
Nevertheless, it is noticeable that unreinforced samples present values remarkable lower compared with reinforced samples (see Fig.  12 ) which may confirm that flexural toughness increases with the addition of steel fibres. For these samples, variations of the proportions of MK and LS do not affect on the final results of the area under the curve significantly due to the proximity between values for each type of sample.
Phase analysis
XRD results from mortar samples M1 to M9 with 7 and 28 days of curing is shown in Fig. 13 . The results show the variation level of the formation of CH, C-S-H and Ettringite as hydration products derived from cement hydration process; those products are responsible for the strength gain in concrete and mortar mixes. It is noticeable that variation between peaks associates to CH and C-S-H finding for all blends; ettringite formations also vary. As it can be seen, ettringite formation peaks are notoriously less comparing with the other hydration products; attributing this effect to the complete reaction of cement hydration after 28 days of curing. The ettringite formation decreases due to the transformation of minerals into the more stable form of the hydrated cement paste; hence, CH and C-S-H content increase. Analogous findings are described in Barbhuiya et al. [24] where they compare samples with MK additions at 3 and 28 days of curing. Also, it is also noticeable that the reflection of C-S-H in all samples is much higher compared to the other findings. Likewise, this could be the resulting product of portlandite transformations with time elapse.
Considering samples M1 to M5, which are formed by different combinations of MK and LS, interesting differences can be seen for samples with the biggest proportions of MK. For instance, M3 which is formed by 20% of MK and 10% of LS shows more prominent peaks of CH and C-S-H than M1. However, it can be seen that in M3 despite having equal MK percentage than M2, the addition of 10% of LS seems to have a better effect in term of hydration products content than only 5% of LS in M2. For samples M4 and M5 with the highest combination of MK and LS, results similarly show high contents of CH and C-S-H peaks, but still lower than M3 spectrum.
For samples without LS content on their compositions namely, M6, M7 and M8, peaks of CH and C-S-H similarly increase by increasing the content of MK. However, peaks are lower compared to combined samples of MK and LS. It can be interpreted that the use of LS on mixtures may increase the intensity of CH and C-S-H on the hydration process.
It is important to mention that all samples analysed through the X-ray diffraction test have shown higher peaks of CS and C-S-H than the control sample M9. The similarity of the spectrum of samples M1 to M8 is mainly due to the addition of different proportions of MK, which means that the addition of MK to the admixtures improves the microstructure formation of the cement paste. This finding agrees with Kavitha et al. [25] who attribute the improvement of the micro level properties of mortars to the pozzolanic activity of MK.
Morphology analysis
The selection of samples to be analysed through SEM analysis is based on the compressive strength results at seven days of curing. Same samples were studied at 28 days of curing. Despite the different combinations of OPC, MK and LS between samples, final compressive strength results of mixtures M4, M5 and M8 have shown the similarity between each other and lower results comparing with the rest of the samples. This leads to discarding those samples to perform the rest of the analyses contemplated on this research. Similarly, M3 was also abandoned due to its lower compressive strength result and its similarity with M2 in the proportion values. That is, both samples were prepared with the same percentage of MK (20%). Additionally, M3 was combined with the biggest proportion of LS (10%) in comparison with M1 and M2 (5%); the fact which did not seem to show good behaviour in the compressive strength test.
SEM image of the mortar samples demonstrate the different characteristics due to the hydration process of every combination observed at the age of seven days. In Fig. 14a , the microstructural faces of M1 seem to demonstrate a consistent structure due to its homogeneous surface covered with a possible C-S-H formation as found in XRD analysis. Likewise, comparing of samples M1 and M2, the structural pattern has certain similitude regarding possible C-S-H formation along the surface. However, it seems to be noticeable that M1 has more homogenous dispersion than M2, which indicates that a possible dispersion on the surface could be the result of an increased percentage of MK in the mixture. In the same way, an increment on MK could be related to the presence of a slightly pattern of possible formations of ettringite as is shown in Fig. 14b . Both samples analysed (M1 and M2) evidence the presences of LS on their SEM micrograph. On the other hand, samples M6 and M7, due to their only combination between OPC and MK in different proportions, show an apparent formation of ettringite crystals along the surface of the samples. It seems to be noticeable that the production of C-S-H on the surface, contrasting with M1 and M2, the appearance of tiny lines at the top of the surface along of the micrograph indicates the faster formation of ettringite crystals in the presence of only MK. SEM images of M6 show a longer size of filaments and a very dense structure (Fig. 14c) . Meanwhile, the micrograph of M7 shows the possible formation of C-S-H and ettringite but with a certain level of dispersion above the surface (Fig. 14d) .
In a similar manner, SEM analysis of the same samples at 28 days of curing indicates the effect of MK and LS on their crystallographic structure. Samples were taken from freshly broken specimens from three-point bending test, particularly samples with 1% of steel fibres. Images from sample M1 (Fig. 15a and b) shows an acicular form of C-S-H, as well. Thus, uniform distribution of C-S-H could be attributed to a longer period of hydration process of the cement. Similarly, Fig. 15c indicates a homogenous distribution of C-S-H through the surface, indicating a completed hydration reaction. It is clearly seen the space between steel fibre and the paste of the sample (Fig. 15d) , demonstrating the interfacial area where those two different materials were working together. Comparing images of samples M2 and M6 (Fig. 15e and f) , it is noticeable that the interfacial zone between the steel fibre and the paste is more irregular in sample M6; this can be attributed to the lack of LS on M6 composition. However, as is mentioned before, a uniform distribution of C-S-H through the surface is also observed. On sample M7, a coagulated distribution is seen in Fig. 15g , demonstrating a total reaction of the cement regarding hydration process. On Fig. 15h , the interfacial zone between aggregate and paste is clearly observed, indicating a remarkable C-S-H formation on the surrounding area of the aggregate. Notably, this image contrasts with the image of the same sample at seven days of curing, where it can be seen the completely formation and uniform distribution of C-S-H.
The microstructure of hardened mortar samples at 28 days of curing undoubtedly states the difference in the hydration process of the cement. It is obviously noticeable by comparing the dense and ho mogenous formation of C-S-H on the areas analysed with images taken at seven days of curing. Additionally, regarding MK and LS content, it can be stated that variations in formation and distribution of hydration products seem not to be quite different between them. Entirely formed C-S-H among surfaces after 28 days of curing demonstrates that a complete hydration process occurs after that time; this analysis can be supported by similar compressive strength values of M1, M2, M6 and M7 at 28 days, all of them have higher than 100% OPC control sample.
Findings of this research agree with final results reported by Shoukry et al. [26] which states that by increasing the proportion of MK in a reaction between liberated CH by cement hydrates increases. Therefore, additional C-S-H forms among surface, filling the capillarity pores of the matrix and, improving mortar and concrete quality.
Electrical resistivity
Afroughsabet and Ozbakkaloglu [27] have pointed out that the ER has a significant role to determine concrete durability regarding corrosion. It is also known that this feature is directly linked to the likelihood of corrosion and the corrosion rate. Results acquired from the ER analysis have shown that steel fibre-reinforced specimens have lower ER comparing with unreinforced samples. In a similar way, the biggest the amounts of fibres on the samples, the lowest ER values are. A typical scenario on the three percentages of fibres proportions is clearly shown in the final results. That is, ER values of ternary blended mixtures M1 to M5 are higher than LS-free binary blended samples M6 to M8. Likewise, the same pattern is repeated for the control sample M9. This sample represents the lowest resistivity value compared with samples M1 to M8.
Analysis of ER results of specimens containing 1% steel fibres (Fig. 16 ) reveals an entirely different pattern for samples M1 to M5. In this case, variation in ER seems to be related to the amount of OPC. That is, decreasing the content of OPC on the mixture by partial replacement of pozzolanic materials appears to increase ER. The highest ER value is represented by M5 (14.74 kΩ cm), which represents three times the ER of M1, and is the lowest value between M1 to M5. By analysing samples without LS, the ER is significantly lower than M1 to M5. However, values are higher than the corresponding samples with 2% steel fibres and control sample M9 with 1% steel fibres. For M9, values are lower by more than 50% of the rest of the samples containing 1% steel fibres.
Graphical representations of 2% steel fibres (Fig. 17 ) results indicates that the highest values of ER are around 2.3 kΩ cm and are mainly represented by samples M1 to M4. Although M5 is also produced by a combination of MK and LS, its final values of ER seems to be lower than samples M1 to M4. On the other hand, for samples without LS (M6, M7 and M8), as it was observed in samples with 1% of steel fibres, values are lower by approximately 40%. However, focusing on the individual results, a better effect is caused by M7, which is made with 20% replacement of OPC by MK. Control sample M9 has the lowest value in all its faces than the rest of the samples.
In the case of samples without steel fibre (Fig. 18 ), it is noticeable that, in general, values of resistivity are much higher than samples with the presence of steel fibres. This fact is mainly related to the conductivity characteristics of the fibres itself. It is also visible that all combinations of samples have higher resistivity than control sample; leading to indicate that additions of pozzolan reactive materials such as MK and LS contribute to increasing the ER values of mixtures. A better result is shown by sample M5, which is the mixture with the lowest percentage of OPC on its composition. Similarly, the positive effect of LS regarding ER values is shown through results of samples M6 to M8; which represent lower values than samples M1 to M5. The positive effect of MK and LS on mixtures regarding ER can be an agreement with the findings reported by Afroughsabet and Ozbakkaloglu [27] .
Conclusions
This study showed the feasibility of the interaction between MK and LS as partial substitution of OPC by combining them in binary and ternary blended mortars. Based on the experimental results, the following conclusions can be derived:
Compressive and flexural strength, electrical reactivity and the microstructural characteristics of mortars were compared after seven and 28 days of curing. The positive synergy between MK and LS was corroborated through biggest compressive strength values for all mixtures comparing with the control sample M9 (100% OPC as the binder) at seven days of curing. Analysis based on the proportion of each material show that substitutions of MK by more than 20% show an insignificant performance under compressive loads. Similarly, in troducing more than 5% of LS into the mixtures cause reduced compressive strength values. Replacement of OPC by 10% MK represents the biggest value of resistance on this analysis. Hence, the optimal proportion of ternary blended cement to achieve higher compressive strength by a combination of MK and LS is indicated by 85% of OPC, 10% MK and 5% of LS. In a similar manner, results at 28 days of curing also suggest positive effects on mortar mixtures with MK and LS additions.
It is demonstrated that by increasing the amount of steel fibre in mixtures, higher flexural resistant values can be achieved. Maximum peak loads results indicate that variations in the addition of MK and LS in samples make negligible differences in flexural strength behaviour. Similarly, the amount of energy absorbed for samples measured in this research, known as area under the load-displacement curve, supports the conclusion that reinforced samples absorb additional load applied, leading to avoid abrupt fracture. Electrical properties measured by ER analysis indicate that the addition of steel fibres on mixtures proportionally decrease the resistivity values. It is clear that by increasing the amount of steel on samples, lower values of ER are attained due to conductivity characteristics of the fibres. Combinations of different proportions of OPC, MK and LS show improvements in this analysis; all samples tested indicate higher resistivity values than OPC only sample and this same pattern was repeated with all variation of steel fibres proportions. Similarly, the positive effect of LS on the mixture has to be pointed out where higher ER values are acquired compared with LS-free samples.
Recommendations for further studies
The results obtained showed the possibility of producing binary and ternary blended concrete containing metakaolin and limestone. Degree of calcination of metakaolin could be a potential area for further research. Purity and calcination process of metakaolin are two key factor affecting the final price of the material. Low grade calcined clay or even uncalcined clay could be useful for specific applications. Creep behaviour of mortars containing metakaolin and limestone could be an appropriate field of study to discover long term properties of these materials. Study of corrosion of steel fibres in different environments as well as their carbonation behaviour could be an interesting topic in this area.
